Abstract. The high-pressure torsion (HPT) process is a severe plastic deformation (SPD) technique which imposes exceptionally high strains to produce extremely small grain sizes in bulk materials. In this paper, the HPT process was carried out on an Fe-10Ni-7Mn (wt.%) martensitic steel up to 20 revolutions at a rotation speed of 1 rpm under a pressure of 6.0 GPa at room temperature. The effects of the HPT process on the microstructure evolution and mechanical properties of the alloy were investigated by X-ray diffraction (XRD) analysis, electron backscatter diffraction (EBSD), microhardness measurement and conventional tensile testing. The XRD analysis revealed no changes in the detected phases after deformation. A significant refinement in grain size from 200 m in the initial microstructure to around 230 nm after HPT was observed by EBSD. Although based on a rigid body assumption the imposed strain is linearly proportional to the distance from the center in HPT-processed disks, after 20 revolutions a uniform micro-hardness increment up to ~650 Hv was achieved. Moreover, the tensile strength of the alloy increased from ~800 MPa in the solution annealed condition to about 2300 MPa after the HPT process with a total tensile strain of 4%. Experimental results indicated that the HPT process leads to improvement of the tensile strength with a reasonable ductility due to the significant refinement of the microstructure.
INTRODUCTION
Severe plastic deformation (SPD) techniques are defined as metal forming processes in which very large plastic strain are imposed on bulk metals in order to make ultrafine-grained (UFG) or nano-crystalline structures without any significant changes in the overall dimensions of the specimens [1, 2] . Structures achieved during SPD have specific features such as high vacancy concentrations, low densities of free dislocations, high-angle misorientaion and high energy and non-equilibrium grain boundaries [3] . Therefore, severely deformed materials show unique and excellent properties such as high strength and low-temperature superplasticity compared with the conventional coarse-grained materials [4] . Various SPD methods such as equal-channel angular pressing (ECAP) [5] , accumulative roll-bonding (ARB) [6] , repetitive corrugation and straightening by rolling (RCSR) [7, 8] , severe cold rolling [4, 9] and highpressure torsion (HPT) [10, 11] have been developed. Among these various SPD techniques, processing by highpressure torsion has attracted the most attention because of the capacity for achieving crack-free bulk materials with exceptional grain refinement, often to the nanometer level, and remarkably high strength [12, 13] .
Fe-10Ni-7Mn (wt%) lath martensitic steel shows excellent formability in the solution annealed state which makes it suitable for SPD processes [14] . This martensitic steel has good age hardenability but it suffers from embrittlement after aging. Discontinuous coarsening of grain boundary precipitates resulting in the formation of precipitate-free zones along prior austenitic grain boundaries was found as the main source of embrittlement in aged Fe-10Ni-7Mn steels [9] . The ductility improvement in this alloy has been the subject of many reports [15, 16] . Grain refining has been known as an effective way to improve the strength and toughness of metallic materials [9] . In previous studies, the effect of various SPD methods such as cold rolling plus wire drawing [3, 16] , cold rolling and ECAP [5] , Severe Cold Rolling [15, 17] , RCSR [7] and also the reverse transformation of martensite to austenite [17] on the microstructural evolution and mechanical properties of this alloy were investigated. The present research is an attempt to study the effect of HPT processing on the microstructural evolution and mechanical properties of an Fe-10Ni-7Mn (wt.%) alloy. The structural evolution was depicted by X-ray diffraction (XRD) analysis and electron backscatter diffraction (EBSD) analysis.
EXPERIMENTAL PROCEDURES
Fe-10Ni-7Mn (wt.%) alloy was produced by vacuum induction melting (VIM) and vacuum arc remelting (VAR) routes. The remelted ingot was hot forged by 50% reduction at 1423 K, homogenized in a vacuum furnace at 1473 K for 24 hours, then solution annealed at 1423 K for 1 hour and quenched in cold water to gain a fully martensitic microstructure. Disks with a diameter of 10 mm and a thickness of 0.8 mm were subjected to HPT processing under an applied pressure of 6 GPa and a rotation rate of 1 rpm for 20 revolutions at room temperature. Microstructures were characterized by X-ray diffraction (XRD) analysis using Cu-Kα radiation with angular ranges of 45-100° 2θ and a step scanning rate of 0.02° per 3.6 s and electron backscatter diffraction (EBSD). Miniature tensile specimens of 0.8 mm width and 0.4 mm thickness with gauge length of 1.8 mm were wire cut at a distance of 2.5 mm from the center of the HPT samples. Tensile testing was performed using a SANTAM tensile testing machine with an initial strain rate of 510 -4 s -1
. For micro-hardness measurements, each processed disk was mounted and polished to have a mirrorlike surface and measurements were taken at positions separated by 1 mm across the diameters of each disk using the Vickers method at a load of 100 gf and 10 s dwell time. Fig. 1 , shows the XRD pattern of the sample before and after HPT process. X-ray analysis demonstrates that after HPT (curve b) no austenite peak is detected and the specimen is almost entirely composed of the martensite phase as in a solution annealed sample (curve a). The first XRD peak in solution annealed and HPT-processed samples is also shown in Fig. 1 . The observed peak broadening after the HPT process is attributed to the effect of severe plastic deformation in developing grain refinement and shear strain. Grain boundary maps together with phase maps of the solution annealed and HPT-processed specimens are shown in Fig. 2a and b, respectively. According to Fig. 2b , the average grain size after deformation is about 230 nm and this shows a significant refinement by comparison with the solution annealed specimen with an initial grain size of about 200 μm (Fig. 2a) . The microstructure in Fig. 2b consists of both equiaxed and elongated grains along the shear direction accompanied by some nucleations of an austenitic phase at grain boundaries. Due to the low volume fraction (~4%) and small grain size of the deformation-induced austenite, the peak of austenite is invisible in the XRD pattern of the HPT-processed specimen (Fig. 1b) . The observation of even small quantities of austenite in severely deformed Fe-Ni-Mn martensitic steel, which by definition contained no austenite prior to the deformation, indicates that the reverse transformation of martensite to austenite occurred under deformation at room temperature. During deformation at room temperature, austenite can form from bcc-martensite by a displacive mechanism with an orientation relationship between austenite and bcc-martensite grains that are based on the Kurdjumov-Sachs (K-S) relationship [15] . At first, bcc-martensite transforms to hcp-martensite then hcp-martensite transforms to austenite after further straining. This austenite can cause a major improvement in the mechanical properties after aging [9] . Furthermore, it has been reported that reversion transformation together with plastic deformation during HPT can play a crucial role in grain refinement. As a result, the grain refinement phenomenon combined with plastic deformation would saturate more efficiently compared to grain refinement induced only by the HPT process. Hence, it is expected that a combination of reverse transformation and the HPT process accelerates grain refinement and the formation of ultrafine grains [18] .
RESULTS AND DISCUSSION
The values of the Vickers micro-hardness recorded across the diameter of each disk are plotted against the distance from the center in Fig. 3 , where each point is an average of the five values measured at the same distance from the center. It is apparent that when the disk is strained up to 20 revolutions the micro-hardness increases to a higher level and a saturation hardness value is obtained which extends at ~1 mm from the center to the outer region of the disk. The increment in hardness is attributed to the distorted microstructure, high dislocation density and refined grains. Fig. 4 shows the engineering stress-strain curves of the alloy in the solution annealed and HPT-processed conditions. The solution-annealed specimen shows moderate tensile strength (~830 MPa) and ductility (~11%). However, HPT increases the tensile strength to about 2300 MPa with a marginal ductility loss to about 4%. This process results in a 175% increase in tensile strength and the ductility is decreased by about 60%. In order to compare the HPT processing with other severe plastic deformation methods, tensile property results of previous and present studies are shown in Table 1 . It should be noted that the difference in gauge dimensions in these studies may have some impact on the measured elongations. It is found that severe cold rolling (ε ≈ 2.18) improves the tensile properties of the steel. It is believed that ae specific combination of the elongated and equiaxed grains provided the desired ductility in the longitudinal direction of the rolled strip [5] . In ECAP steel (ε ≈ 4), the microstructure is more eqiuaxed and coarse precipitates may be formed at grain boundaries. Such a structure is found to represent high tensile strength but low tensile ductility [19] . In attempting to achieve a better understanding of the improved toughening via cold rolling and wire drawing over the equal-channel angular pressing, the presence of austenite particles also should be taken into account. Austenite is known as a ductile crack-arresting phase in maraging steels which often improves the ductility at the expense of yield strength. Severe plastic deformation accumulates a high density of dislocations, increasing the Gibbs free energy of the deformed structure which favors austenite stabilization. Therefore, the reverse transformation of martensite into austenite seems likely to occur during cold rolling and wire drawing of the present steel to be manifested either by a displacive mechanism as reported for a plain carbon steel or as a diffusional process if adiabatic heating augments solute diffusion during deformation [19] . Table 1 . Tensile properties of the solution annealed and various SPD processed Fe-10Ni-7Mn samples As noted, the mechanical tests on HPT-processed sample ( >~100) gave an increase in tensile strength and a sharp decrease in ductility. Higher strength after HPT is attributed to the effect of severe plastic deformation, which causes a high density of dislocations leading toa high density of shear bands and very fine grains. The ductility reduction may be a result of dislocation generation and accumulation in the shear bands, grain boundaries and the enhancement of strain hardening in the micro-voids during the deformation process. These micro-voids are generated due to the excess free volume in HPT materials in the accumulated high energy points of the microstructure. The nonequilibrium grain boundaries in the severely deformed polycrystals are assumed to contain a higher excess free volume or non-equilibrium vacancies [20] . The concentration of deformation-induced vacancies increases with increasing [7] strain which leads to the formation of larger vacancy clusters and even submicron cracks. These defects may affect the fracture behavior during tensile deformation.
CONCLUSIONS
Effect of severe plastic deformation by means of high-pressure torsion on the microstructure and mechanical properties of an Fe-10Ni-7Mn (wt.%) martensitic steel was studied. The main conclusionsare as follows:
1. Fe-10Ni-7Mn (wt. %) processed by HPT at room temperature achieves a significant grain refinement and strength enhancement. The grain size is reduced from an initial value of ~200 m to ~230 nm and the hardness increases from 275 to ~650 Hv after 20 turns of HPT. 2. EBSD results show about 4% austenite phase in martensite grain boundaries after HPT processing which indicates a reverse transformation of martensite to austenite during HPT processing at room temperature. 3. Results from tensile tests show that the HPT-processed alloy has high ultimate tensile strength about 2300
MPa and ductility of ~4%. The results demonstrate that, even when considering the reduced gauge lengths in HPT tensile specimens, the HPT-processed alloy has superior mechanical properties byn comparison with samples processed by ECAP, severe cold rolling or RCSR. 4 . The grain refinement and austenite formation achieved by HPT processing may lead to an improvement in ductility and toughness after aging.
